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1. Introduction
Graphene nanosheet (GNS), a single layer of hexag-
onally arrayed sp2-bonded carbon, has attracted
increasing attention recently due to its excellent ther-
mal, electrical and mechanical properties. However,
manufacturing GNS-filled composites has been very
challenging due to the difficulties in large-scale
production of GNSs and their dispersion in matri-
ces. GNSs tend to form irreversible agglomerates or
even restack to form graphite through van der Waals
interactions during the processing of bulk-quantity
GNSs, especially in the drying process [1]. Carbon
nanotube (CNT), another type of widely studied
and applied high-performance carbon-based nano  -
filler, also has great challenges in composite appli-
cations especially due to its expensive production
cost. Instead of trying to discover easier large-scale
processes for GNSs or lower cost processes for CNTs,
an alternative type of carbon-based nanofiller with
comparable properties, which can be produced more
easily and cost-effectively in large quantities, has
also recently been emphasized. This type of nano  -
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© BME-PTfiller is herein referred to as graphite nanoplatelet
(GNP), which is a stack of platelet-shaped GNSs but
is still in the nanoscale in the thickness direction [2].
Increasing energy dissipation, due to the increasing
speed and functionality of integrated circuits, calls
for methods to increase the thermal conductivity of
materials such as epoxy resins which are widely
used in electronic industries. Recently, experimen-
tal studies have been stimulated to address the heat
transport in the GNP/epoxy composites [3–26], and
theoretical analysis, e.g. based on effective medium
model [2, 11] and normal modes [27], was also con-
ducted to analyze the effective thermal conductivity
of the GNP/epoxy composites. Owing to the high
thermal conductivity (250 W/(m·K) in basal plane
and 80 W/(m·K) across basal plane at room temper-
ature [3]), two-dimensional (2-D) structure and high
aspect ratio of GNP, GNPs were found to be more
efficient than carbon black (CB) nanoparticles [3–
5], single-walled CNTs (SWCNTs) [4–6] and multi-
walled CNTs (MWCNTs) [7, 17] in improving the
thermal conductivity of epoxy. So far the reported
maximum thermal conductivity of GNP/epoxy com-
posites is 6.6 W/(m·K) obtained using a 40 wt%
loading of GNPs [4].
The synergetic effect of GNPs and other nanofillers
in improving the thermal conductivity of epoxy was
also observed in the case of low total nanofiller
loadings, i.e. 18 wt% total loading of GNPs and CB
nanoparticles [14], 1wt% total loading of GNPs and
MWCNTs [13], 2 wt% total loading of GNPs and
MWCNTs [25] and !40 wt% total loading of GNPs
and SWCNTs [4]. 
The addition of 0-D CB nanoparticles helped to
increase the thermal conductivity of GNP/epoxy
composites by improving the dispersion of GNPs,
preventing the settling of GNPs and bridging the
gaps among 2-D GNPs [14]. Long and tortuous 1-D
CNTs were used to bridge adjacent 2-D GNPs as
well as inhibit the aggregation of GNPs, resulting in
a high contact area between GNP/CNT structures
and epoxy matrix and thus a more efficient percolat-
ing nanofiller network with significantly reduced
thermal interface resistances, consequently the ther-
mal conductivity of epoxy filled with a mixture of
GNPs and CNTs surpassed that of epoxy filled with
pure GNPs or CNTs [4, 13, 25]. However, a further
increase of thermal conductivity of epoxy by increas-
ing the total nanofiller loading is hard to realize due
to the increased filler aggregation and interfacial
thermal resistance as well as dramatically increased
viscosity. Recently, epoxy composites with high
nanocarbon (GNPs, MWCNTs, GNPs + MWCNTs)
loading up to 50 vol% were got by a well-designed
fabrication method, however, the method need a spe-
cial mixer in which the mixture was stirred with a
rotation speed and a revolution speed [26]. Therefore,
so far, by the routine fabrication method, the reported
maximum thermal conductivity of epoxy filled with
GNPs and other nanofillers is 4.7 W/(m·K) (obtained
with 30 wt% GNPs + 10 wt% SWCNTs [4]), failing
to exceed the aforementioned maximum thermal
conductivity of GNP/epoxy composites.
Silicon carbide microparticle (micro-SiC) is an
attractive 3-D microfiller candidate for high tem-
perature and high power applications in electronic
industries due to its high thermal conductivity
(~390 W/(m·K) at room temperature), low thermal
expansion coefficient (~4.0 ppm/K, a value close to
that of Si chip, ~3.5 ppm/K; 300–673 K), etc [28].
However, improving the thermal conductivity of
epoxy by combining 2-D GNPs and 3-D micro-SiCs
has not been considered yet. In this work, epoxy filled
with a mixture of GNPs and micro-SiCs were pre-
pared, aiming at further improving the thermal con-
ductivity of epoxy, thus not only breaking the bot-
tleneck of further improving the thermal conductiv-
ity of epoxy composites but also broadening the
applications of GNPs. This paper is part of a large
project on the development of heat conductive com-
posites reinforced with micro and nanoscale fillers
for more demanding applications, such as in nano-
electronics applications, etc.
2. Experimental
2.1. Materials
Epoxy resin used in this work was diglycidyl ether
of bisphenol-A (DGEBA) supplied by Shanghai
Resin Co. Ltd., China. Curing agent, 2-ethyl-4-
methylimidazole (EMI-2,4), was supplied by Bei-
jing Chemical Reagent Co. Ltd., China. Amino silane
coupling agent, "-aminopropyl-triethoxysilane
(A1100), was obtained from Shanghai Chemical
Reagent Co. Ltd., China. Other agents utilized were
analytically pure grade and supplied by Sinopharm
Chemical Reagent Co. Ltd., China.
#-SiC particles with average particle size of 0.75 µm
and irregularly polyhedral shape were obtained
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micro-SiCs and the micro-SiC/epoxy composite can
be seen in our earlier works [29, 30], respectively.
Carboxyl-functionalized MWCNTs (COOH-
MWCNTs) were provided by Chengdu Organic
Chemicals Co. Ltd., Chinese Academy of Sciences,
and used as-received. According to the supplier’s
specification, COOH-MWCNTs were synthesized
by catalytic chemical vapor deposition with 50–
80 nm diameter, 10–20 µm length and 125–400
aspect ratio. The purity and the specific surface area
were greater than 95% and 40 m2/g, respectively.
Before stored in desiccators, COOH-MWCNTs were
dried at 110°C for 24 h in vacuum to eliminate the
agglomeration caused by hygroscopic absorption,
as well as removing planar water, which would hin-
der the interaction between coupling agent and
COOH-MWCNTs. Micrographs of the rod-shaped
COOH-MWCNTs and the COOH-MWCNT/epoxy
composite can be seen in our previous work [31].
The starting material for GNPs was graphite inter-
calation compound (GIC) particles (500 µm), i.e.
sulfuric acid-intercalated graphite, provided by
Xinfangyuan Co. Ltd., China. According to the sup-
plier’s specification, the content of intercalants was
about 15 wt% and the carbon content was higher
than 99%. GNPs were prepared according to the
method reported in the literature [32]. Briefly,
(a) as-received GIC particles were subjected to a
thermal shock on rapid exposure to 1000°C for 20 s
in a muffle furnace, causing the GIC particles under-
went a significant expansion (~440 times) along the
thickness direction since the entrapped intercalants
within GIC layers decomposed or vapored instantly,
(b) the obtained expanded structures were then
dipped in absolute ethanol and then broken down to
GNPs using a 30 min high speed shear mixing
(2400 rpm) followed by a 12 h ultrasonic irradia-
tion (100 W, 80 kHz), (c) the GNP-absolute ethanol
dispersion was filtered and the obtained GNPs were
dried at 110°C to remove residue solvents. The as-
prepared GNPs were then kept in a dry desiccator
for testing and further use.
Field emission scanning electron microscope
(FESEM) micrographs in Figure 1 show that the as-
prepared GNPs have flat and smooth morphology
besides sharp corners. Image analysis calculation
results based on 100 GNPs showed that the as-pre-
pared GNPs have average diameter of 21 µm with
the range of 3–30 µm and average thickness of
47 nm with the range of 20–80 nm. Then the aspect
ratio can be calculated to be ~447.
Fourier-transform infrared (FTIR) spectrum of as-
prepared GNPs, shown in Figure 2, illustrates that
there are a lot of hydroxyl groups (–OH, intense
band at 3650–3050 cm–1) and carboxyl functional
groups (C=O, band at 1600–1200 cm–1) confirmed to
exist on the surface of as-prepared GNPs, indicat-
ing that the treatment of natural graphite with sulfu-
ric acid and thermal shock of GICs resulted in some
carbon double bonds oxidized, leading to the pres-
ence of oxygen-containing functional groups on the
GNPs, which will facilitate their interactions with
coupling agent or micro-SiCs.
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Figure 1. FESEM micrographs of GNPs, 5k$ (a) and 60k$ (b)2.2. Surface modification of fillers
Oxidation of micro-SiCs involved (a) dipping
micro-SiCs in a 10 vol% hydrofluoric acid solution
for 20 min, (b) rinsing with acetone by filtration to
remove the passivating thin native oxide film on the
surface of micro-SiCs, (c) oxidizing micro-SiCs at
900°C for 20 h in a preheated furnace. The oxidized
micro-SiCs were left in the furnace, cooling to
room temperature, and then stored in desiccators.
Silane treatment of fillers using A1100 involved
(a) making a silane-absolute ethanol solution at
0.001 g/mL concentration, and the amounts of
A1100 used were 3% by weight of the micro-SiCs
and 10% by weight of the nanofillers i.e. GNPs or
COOH-MWCNTs, (b) adding filler particles to the
solution and stirring with a high speed magnetic
stirrer (1500 rpm) at 60°C for 30 min, in addition, dis-
persing the solution added with nanofiller particles
by high intensity ultrasonication for 1 h, (c) rinsing
with absolute ethanol by filtration, and drying at
110°C for 1 h in vacuum. Then the silane treated
fillers were stored in desiccators.
2.3. Composite preparation
The composites were prepared by solution blending
and casting method, which involved (a) stirring
DGEBA-absolute ethanol solution at 80°C with a
high speed magnetic stirrer for 20 min, (b) adding
appropriate amount of as-prepared or pretreated
filler particles to the solution and continuing stir for
30 min, in addition, ultrasonicating the solution
added with nanofiller particles for 2 h to ensure
good homogeneity, (c) cooling to 60°C, (d) adding
EMI-2,4, which is 4% by weight of DGEBA, to the
mixture and continuing stir for 10 min, (e) casting
the mixture in mould and repeatedly degassing the
mixture in vacuum drying oven at 60°C until no air
bubble appears on the surface of mixture, (f) curing
the mixture at 65°C for 1 h, 120°C for 1.5 h, and
160°C for 1.5 h, (g) cooling to room temperature,
then demoulding.
2.4. Characterization
In this paper, morphological studies of GNPs and
the fracture surfaces of composites were carried out
using FESEM (Quanta 3D FEG, FEI Co., USA;
LEO1550, LEO Electron Microscopy Ltd., UK).
GNPs were pre-coated with a thin platinum layer.
The aspect ratio of GNPs was calculated based on
the measured dimensions of 100 GNPs from several
FESEM images. Composites were fractured in liq-
uid nitrogen and then the fracture surfaces were
coated with a thin platinum layer before FESEM
study.
FTIR spectrum was recorded on a Thermo Nicolet
IS-10 Smart ITR spectrophotometer (Thermo Fisher
Scientific Co., Ltd., USA) with the smart iTR™ ATR
(Attenuated Total Reflectance) accessory.
Thermal diffusivity (!, mm2/s) at room temperature
was measured on disk samples (12.7 mm diameter,
2 mm thickness) by laser flash method (nanoflash
LFA 447 system, NETZSCH Instruments Co., Ltd.,
UK), specific heat (C, J/gK) at room temperature
was measured on disk samples (6 mm diameter,
1 mm thickness) by DSC (DSC-7 system, Perkin-
Elmer Co., Ltd., UK), and bulk density (", g/cm3) of
specimen was measured by water displacement. For
each measurement, three samples were tested three
times. After that, thermal conductivity (#, W/(m·K))
was calculated by Equation (1):
# = !·C·"                                                              (1)
The viscosity of epoxy resin and epoxy composites
at room temperature was measured using a stress
rheometer (ARES9A, TA Instruments, USA) in a
steady flow mode. A cone-and-plate geometry was
used. A freshly prepared liquid uncured sample was
dispensed on the plate before the run and the exper-
iments were conducted under stepped shear rate
from 0.01 to 100 s–1.
3. Results and discussion
Figure 3 presents the filler content dependence of
thermal conductivity of the oxidized and silane
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Figure 2. FTIR spectrum of GNPstreated micro-SiC/epoxy composites. In this work,
micro-SiCs were oxidized followed by silane treat-
ment since it was demonstrated that the ability in
improving the thermal conductivity of epoxy fol-
lows the sequence: oxidized and silane treated
micro-SiC%>%silane treated micro-SiC%>%untreated
micro-SiC [28]. It can be seen that below the perco-
lation threshold (~52.1 wt%), the thermal conduc-
tivity of oxidized and silane treated micro-SiC/
epoxy composites rises slowly with the increasing
micro-SiC content because of a lack of continuous
micro-SiC heat conductive chains, but above the per-
colation threshold, the thermal conductivity increases
rapidly, and when 71.7 wt% oxidized and silane
treated micro-SiCs were added, the thermal con-
ductivity reached the maximum, ~20.7 times that of
epoxy.
Figure 4 illustrates the nanofiller content depend-
ence of thermal conductivity of the epoxy compos-
ites containing GNPs or COOH-MWCNTs. The ther-
mal conductivity approximately increases linearly
with the increasing nanofiller content for all the
investigated composites. More importantly, at iden-
tically low nanofiller contents (<6 wt%), silane
treated GNPs produced epoxy composites with
higher thermal conductivities than silane treated
MWCNTs despite the inherently lower thermal con-
ductivity of individual GNP (250 W/(m·K) in basal
plane and 80 W/(m·K) across basal plane at room
temperature [3]) as compared with individual
MWCNT (3000 W/(m·K) at room temperature [33]).
There are probably two reasons behind this obser-
vation: i) the flat surface of 2-D GNPs dramatically
enhances the GNP/epoxy or GNP/GNP contact
area, moreover, the rigidity of 2-D GNPs allows for
better preservation of their high aspect ratio in com-
parison with the more flexible 1-D MWCNTs [4],
thus 2-D GNPs are more efficient in forming heat
conductive networks in epoxy matrix as compared
with 1-D MWCNTs, and ii) in sharp contrast to 1-D
MWCNTs, the flat surface of 2-D GNPs minimizes
the geometric contribution to the thermal interface
resistance since the contribution of phonon acoustic
mismatch to the interface contact resistance increases
with the decreasing radius of nanoparticles [5]. Fur-
thermore, as shown in Figures 3–4, in comparison
with 3-D micro-SiCs, GNPs also provided stronger
improvement of the thermal conductivity of epoxy at
identically low filler contents (<12 wt%) despite the
inherently lower thermal conductivity of individual
GNP than micro-SiC (~390 W/(m·K) at room tem-
perature [28]). The reason can be attributed to the spe-
cial morphology of GNPs as well since it is easier
for GNPs characterized by 2-D structure to form
heat conductive networks in the epoxy matrix, and
besides, the high aspect ratio (~447) of GNPs allows
a efficient conduction of phonons over a long dis-
tance without transitions from particle to particle,
whereas the poor contact of micro-SiCs due to their
irregularly polyhedral shape along with a low aspect
ratio of nearly unity makes it relatively difficult for
them to form heat conductive networks.
As seen in Figure 4, a further increase of MWCNT
content (>6 wt%) is hard to realize, whereas GNP
content can be further increased. It is known that
there is only one dimension, i.e. thickness, of 2-D
GNP falling within the nanoscale range, which will
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Figure 3. Thermal conductivity at room temperature of oxi-
dized and silane treated micro-SiC/epoxy com-
posites. Lines are given only for showing the ten-
dency
Figure 4. Thermal conductivity at room temperature of
GNP/epoxy composites and COOH-
MWCNT/epoxy compositesinduce less dramatically increased viscosity of
uncured composites besides less filler aggregation.
Therefore 2-D GNP is more desirable for easier
composite fabrication as compared with 1-D
MWCNT which has two nanoscale dimensions. In
this work the maximum content of GNPs can fur-
ther increase to 12 wt% and accordingly the maxi-
mum thermal conductivity of silane treated GNP/
epoxy composites can reach nearly 6.3 times that of
epoxy, exceeding that of silane treated COOH-
MWCNT/epoxy composites, 2.9 times that of epoxy,
with 6 wt% COOH-MWCNTs.
It is known that a strong interface increases the cou-
pling effect of fillers with matrix, damps the
phonons’ vibrational amplitude at interface, and thus
decreases the efficiency of fillers as thermal con-
ductors in matrix [34], moreover, a layer of cou-
pling agent on the fillers acts as a barrier to the
phonon transport between filler particles [14], thus
silane treatment of GNPs might be adverse to the
improvement of thermal conductivity of the GNP/
epoxy composites. However, the functionalized out-
side layers of GNPs by silane treatment can promote
better dispersion of GNPs in epoxy matrix and facil-
itate the transport of phonons from GNPs to matrix.
Relatively homogeneous-dispersed GNPs are easier
to form heat conductive paths than aggregated GNPs,
moreover, different from aggregated GNPs, the ther-
mal conductivity in basal plane (250 W/(m·K) [3])
of well-dispersed individual GNPs will play a more
important role than the thermal conductivity across
basal plane (80 W/(m·K) [3]) in determining the
final thermal conductivity of composites, so silane
treatment of GNPs might also be beneficial to the
improvement of thermal conductivity of the GNP/
epoxy composites. However, the final overall effect
of silane treatment of GNPs on the thermal conduc-
tivity of epoxy arises from the antagonistic compe-
tition of the two effects discussed above. Micro-
graphs of 3 wt% untreated GNP or silane treated
GNP filled epoxy composites are shown in Figure 5.
It can be seen that silane treated GNPs were better
dispersed in the matrix, which is believed to con-
tribute to the higher thermal conductivity of GNP/
epoxy composites, whereas the dispersion of
untreated GNPs was not so good and more agglom-
eration of GNPs occurred. However, though the dis-
tribution of silane treated GNPs was relatively
homogeneous, in Figure 5c–5d naked GNPs are
observed on the fracture surface and a number of
GNPs were pulled out of the surface instead of
being embedded and tightly held to the matrix, indi-
cating that the interfacial bonding between GNPs
and matrix is not so strong, thus it is believed that
the efficiency of GNPs as thermal conductors in
matrix did not decrease to a considerable extent. As
a result, as shown in Figure 4, compared with
untreated GNP/epoxy composites, higher thermal
conductivity was observed for the epoxy compos-
ites filled with silane treated GNPs.
However, the obtained highest thermal conductivity
of GNP/epoxy composites is far from being
expected. A further increase of thermal conductivity
by increasing nanofiller content is hard to realize
due to the dramatically increased viscosity and the
markedly increased filler aggregation. Methods
including ultrasonication, high shear mixing and
surface treatment have also already been tried. On
the other hand, in order to achieve the percolation
threshold and obtain high thermal conductivity,
very high microfiller loadings must be used, e.g.
71.7 wt% micro-SiCs, to form as more as possible
continuous heat conductive chains in the matrix, but
high microfiller loadings result in high density and
poor mechanical properties. Thus, issues are emerg-
ing, i.e. how to further utilize nanofillers, i.e. GNPs,
to improve the thermal conductivity of epoxy com-
posites and how to further improve the microcom-
posites’ thermal conductivity without sacrificing
their general properties.
It is noticed that the use of inorganic nanofillers has
proven to be effective in reducing the filler content
required for relatively high thermal conductivity
and thereby minimizing the problems associated
with density and mechanical properties, and in this
work silane treated GNPs did efficiently improve
the thermal conductivity of epoxy with low load-
ings and thus were considered attractively good
nanofiller candidates. To combine the high per-
formance of composite at its low nanofiller content
and composite at its high microfiller content (>per-
colation threshold), it is reasonable to partially
replace microfiller with nanofiller and expect higher
thermal conductivity of composites resulting from
the synergistic effect contributed from nano- and
microfillers. In this paper, partial replacement
method, which partially replaces micro-SiCs with
GNPs, was utilized to break the bottleneck of fur-
ther improving the thermal conductivity of epoxy as
well as broadening the applications of GNPs. As
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55 wt% micro-SiCs, the thermal conductivity of
epoxy composite reached 7.06 W/(m·K) (~25.2 times
that of epoxy), exceeding that of 71.7 wt%micro-
SiC/epoxy composites and also surpassing the pre-
viously reported value (24.3 times that of epoxy
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Figure 5. FESEM micrographs of 3 wt% untreated GNP/epoxy composite, 1k$ (a) and 20k$ (b), FESEM micrographs of
3 wt% silane treated GNP/epoxy composite, 1k$ (c) and 20k$ (d)
Figure 6. Thermal conductivity at room temperature of epoxy resin and epoxy composites (a), viscosity at room tempera-
ture of each uncured systems at 1 s–1 shear rate (b)[28]) of epoxy filled with 5 wt% COOH-MWCNTs
+ 55 wt% micro-SiCs.
Furthermore, as shown in Figure 6b, the viscosity of
epoxy filled with 5 wt% GNPs + 55 wt% micro-SiCs
is 6.5 Pa·s, far lower than that of 71.7 wt% micro-
SiC/epoxy composites or the previously reported
value (7 Pa·s [28]) of epoxy filled with 5 wt%
COOH-MWCNTs + 55 wt% micro-SiCs. Moreover,
the viscosity of epoxy filled with 12 wt% GNPs is
7.4 Pa·s, even a little lower than that of epoxy filled
with 6 wt% COOH-MWCNTs (7.6 Pa·s [28]), there-
fore GNPs was demonstrated to have advantage in
inducing less increased viscosity of uncured com-
posites as compared with MWCNTs, which is more
desirable for easier composite fabrication and can
be attributed to the aforementioned fact that only
one dimension of GNPs, i.e. thickness, falls within
nanoscale range. Then, another further increased
thermal conductivity, 7.3 W/(m·K) (~26.1 times
that of epoxy), was obtained with 7 wt% GNPs +
53 wt% micro-SiCs (further improved total filler
content, i.e. >60 wt%, was avoided in consideration
of the general properties, such as density, process-
ability, etc).
FESEM micrograph of epoxy composite containing
7 wt% GNPs + 53 wt% micro-SiCs is shown in Fig-
ure 7a. GNPs are shown to be surrounded by quite
smaller micro-SiCs. Some naked GNPs are also
observed on the fracture surface, indicating that the
interfacial bonding of GNP/epoxy or GNP/micro-
SiC is not so strong. The thermal conductivity of all
composites will be determined mainly by the heat
transport of the highly heat conductive filler parti-
cles, therefore, the formation of heat conductive 3-D
percolating network in matrix is the key parameter,
which influences the value of thermal conductivity
of the composites. In this paper, the utilized GNPs
are characterized by 2-D structure with high aspect
ratio (~%447), which enables GNPs effectively act as
heat conductive bridges among 3-D micro-SiCs, as
illustrated in Figure 7b. This kind of morphology of
GNPs contributes considerably to the formation of
a more efficient 3-D percolating network for heat
flow, resulting in higher thermal conductivity with
relatively lower filler contents. As is known, lower
filler content is important for decreasing the density,
viscosity and improving the processability of com-
posites. Thus, with only a small fraction of GNPs, a
mixture filler of 7 wt% GNPs + 53 wt% micro-SiCs
provided higher thermal conductivity of epoxy
composites in comparison with 71.7 wt% micro-
SiCs.
4. Conclusions
In this study, 2D-GNPs with high aspect ratio
(~447) were used to improve the thermal conduc-
tivity of epoxy. By adding 12 wt% GNPs or 71.7 wt%
micro-SiCs to an epoxy resin the thermal conduc-
tivities of the composites reached maxima that were
respectively 6.3 and 20.7 times that of the epoxy
alone. To further improve the thermal conductivity a
composite designing way, i.e. partial replacement
method that partially replaces micro-SiCs with
GNPs, was utilized to unite the respective advantage
of microfiller and nanofiller in improving the ther-
mal conductivity of epoxy. Epoxy composites with
a mixture of GNPs and micro-SiCs were prepared,
and a thermal conductivity, 26.1 times that of the
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Figure 7. FESEM micrograph of epoxy composite containing 7 wt% GNPs + 53 wt% micro-SiCs (a) and schematic of heat
conductive network in epoxy matrix containing a mixture of GNPs and micro-SiCs (b)epoxy, was obtained with 7 wt% GNPs + 53 wt%
micro-SiCs, thus not only break the bottleneck of
further improving the thermal conductivity of epoxy
composites but also broaden the applications of
GNPs.
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